Hydroxyethyl cellulose (HEC) is widely used in water-base drilling fluid as tackifier because of its good fluidity, stability, propcarrying capacity, and good reservoir protection, while it has insufficient rheological property under higher temperature. In order to make use of its advantages and improve thermal stability, an innovative method that HEC was dissolved in the emulsion was proposed. Research indicated that compared with traditional water solution, the oil-water emulsion as solution could effectively improve the rheological properties and thermal stability. The oil-water ratio has an obvious effect on rheological properties. Firstly, with the decrease in the oil-water ratio, the apparent viscosity and shear stress were decreased; secondly, under constant oil-water ratio or temperature, the larger the shear rate, the lower the apparent viscosity, and the greater the shear strength; lastly under extremely low shear rate, HEC emulsion's viscosity peaked at more than 50000 mPa·s, which can effectively solve the problem of sand carrying difficulty and being easy to form sand bed in horizontal well and high angle hole. In addition, the emulsifying stability was degradative with the increase in the oil-water ratio. The degradation was not obvious when the oil-water ratio was less than 30 : 70. On the contrary, the performance deteriorated drastically when the oil-water ratio was greater than 30 : 70. The separator liquid was more than 2 cm and was even about 1/3 when the oil-water was 50 : 50. On the basis of analysis of the experimental results, we can see that oil-water emulsion could effectively improve the rheological stability and thermal stability of HEC and the optimal oil-water ratio was 30 : 70. This study provided a new thought for application of HEC or other polymers in drilling fluid.
Introduction
Drilling fluid known as the "engineering blood" plays an indispensable role in cooling the bit, lubricating the tool, breaking the rock and carrying the debris to the wellhead, balancing the formation pressure, protecting the borehole, transferring the water power, and forming a mud cake on the borehole wall which protect reservoirs and reduce the damage caused by drilling engineering [1] [2] [3] [4] [5] [6] . Smooth and efficient drilling operation highly depends on drilling fluid systems with required rheological, fluid filtration, and hightemperature properties in a low-cost and ecologically friendly manner. Generally, two types of drilling fluids including water-based drilling fluids, oil-based drilling fluids, and synthetic-based drilling fluids are used in various drilling conditions. Due to lower environmental impact and lower cost, water-based drilling fluids are extensively used [7] .
However, in circumstances such as reactive shales, directional drilling, and high-temperature and high-pressure (HTHP) formations, operators may have to consider oilbased drilling fluids. Compared with water-based drilling fluids, oil-based drilling fluids show better wellbore geomechanical stability, thermal stability, lower friction and drag, and increased drilling efficiency [8] [9] [10] [11] [12] .
One of the most severe of drilling fluid is the rheological property, which affects removal of cuttings, holding cuttings, and weight material in suspension when not circulating and under a higher temperature [5, 6] . However, oil-based drilling fluid improves the carrying capacity through adding organic clay. There is no doubt that the tackifying effect is poorer than that of the traditional tackifier. Most of all, the addition of organic clay raises solid content in drilling fluid, which is negative for reservoir protection and easily causes reservoir damage [13] [14] [15] . So we need to find a new way to decrease the solid content in drilling fluid on the basis of satisfying holding cuttings and suspension demand.
HEC is a tasteless and nontoxic fiber where hydrogen of the hydroxyl group of cellulose is replaced by ethylol as shown in Figure 1 [16] . It has good performances, such as good tackifying performance, suspension, bonding, adhesion, moisture-retaining property, insensitivity to salt, and reservoir protection, and is widely used in water-based drilling fluid as a water-soluble polymer, but its temperature resistance is poorer [17] [18] [19] [20] . However, it is rarely used in oil-based drilling fluid. In order to take full advantage of both good tackifying performance, suspension, bonding, adhesion, moisture-retaining property, and reservoir protection of HEC as well as low friction, high rate of penetration, shale inhibition, wellbore stability, high lubricity, salt resistance, and thermal stability of oil-based drilling fluid, we try to dissolve HEC into oil-water emulsion to decrease the solid content of drilling and improve the temperature resistance of HEC to meet deep-well drilling, which puts forward new ideas for the application of HEC in drilling completion fluid and could make use of polymerides.
Experiment
2.1. Experimental Apparatus. Experimental installations used were an M3600 automatic rheometer (from Grace Instrument Inc.), a senior speed stepless speed mixer (from Qingdao Tongchun), and a heating device (from Qingdao Tongchun).
Experimental Reagent and Condition.
Experimental reagents include HEC, NaOH, Na 2 CO 3 , ZR-01, and 0 # oil. HEC is a kind of tackifier; it has a density of 0.75 g/cm 3 and the molar degree of substitution is 18~2.0.
Basic formula is 0 # oil + 0 2%NaOH + 0 25%Na 2 CO 3 + 3 0%emulsifier ZR − 01 + 0 6%HEC. The experimental condition is shown in Table 1. 2.3. Experimental Procedure. The value of the oil-water ratio was usually 90 : 10-20 : 80, considering the environmental pollution and the cost of drilling fluid; the value of oilwater is 50 : 50, 40 : 60, 30 : 70, 20 : 80, 10 : 90, and 0 : 100 (oil-free, respectively). The experimental procedures were as follows.
(I) A certain amount of HEC was slowly added to the diesel emulsion with a different oil-water ratio and stirred at 10000 r/min high speed for 60 min to prepare HEC emulsion ) to evaluate the effect of the oil-water ratio on rheological property at certain temperatures (30°C, 60°C, 80°C, 90°C, and 100°C). (IV) At a certain temperature (30°C, 90°C), the rheological parameters of HEC emulsion were measured to evaluate the effect of the oil-water ratio on static suspension capacity at a lower shear rate (V) Let the HEC emulsion stand for 48 hours at room temperature in a colorimetric tube, and then observe the change and difference between the upper and lower sections in the colorimetric tube to evaluate the emulsion stability (VI) A hot rolling experiment was adopted to evaluate the effect of the oil-water ratio on emulsion stability at different temperatures
Results and Analysis
Polymer hydroxyethyl cellulose is widely used in the petroleum industry, especially in drilling, completion, workover, and fracturing processes. As drilling completion fluid additives, HEC can effectively reduce the hydrodynamic friction, decrease the starting torque, and protect the production layer. Moreover, the application of HEC is more prominent in hard rock. In this study, the rheological properties of the HEC solution were measured used a viscometer, M3600, at a constant shear rate, constant temperature, constant oilwater ratio, and low shear rate to evaluate the effect of the oil-water ratio on the rheological ability of HEC emulsion. Besides, emulsion stability of HEC emulsion with a different oil-water ratio were measured using two methods, hot rolling and standing and the layering process, to evaluate the effect of the oil-water ratio on emulsion stability of HEC emulsion. ). The results are shown in Figures 2 and 3 . The results shown in Figure 2 revealed that the viscosity of HEC emulsion was continuously reduced with the decrease in the oil-water ratio at six kinds of different constant shear rates. When the oil-water ratio was more than 30 : 70, the viscosity dropped obviously with the decrease in the oil-water ratio, and when it was less than 30 : 70, the . Comparing the HEC emulsion solution of the oil-water ratio of 50 : 50 with that of 0 : 100, it was found that when the water was reduced by double, the viscosity was increased 72 times at the temperature of 30°C, which expressed that oil-water emulsion is better than aqueous as solution for HEC. At a high shear rate of 1021.8 S -1 and experimental temperature of 30°C, we can see that the viscosity difference between 50 : 50 and 30 : 70 was more obvious, and the value was 100 mPa·s. At the same changes in the oil-water ratio, the viscosity was reduced with the increase in temperature in the same shear rate. Although the viscosity of HEC emulsion (50 : 50) decreased to 61.5 mPa·s at a shear rate of 1021.8 S -1 , the solution still had a certain viscoelasticity when the temperature was increased from 30°C to 100°C. In contrast, under the same condition, the viscosity of the HEC emulsion solution (30 : 70) decreased to 11 mPa·s, leading to loss in viscoelasticity, and the solution with the oil-water rate of less than 10 : 90 almost lost its viscoelasticity. According to Figure 2 , we can see that compared with the viscosity of HEC brine solution, oil-water emulsion could obviously enhance the tackifier performance and improve the rheological property of HEC.
The experimental results of shear stress are listed in Figure 3 . It can be seen that shear stress was decreased continuously with the reduction in the oil-water ratio of HEC emulsion. When the value is over 20 : 80, shear stress decreased nonlinearly; when it was less than 20 : 80, the trend was approximately linear, but the degree of diminution was less several times than the former. Meanwhile, compared with the change in viscosity along with the oil-water ratio, the shear stress has a steady decline with the increase in temperature, which was similar to the trend of viscosity decline. Under the constant shear rate 1021.8 S -1 , the HEC emulsion (50 : 50) displayed stronger shear stress, whose characteristics were bad for drilling. Under the same condition, the HEC emulsion (20 : 80) displayed low shear stress and the value is only half of 50 : 50 at 30°C.
We can see from Figures 2 and 3 that with the decrease in the oil-water ratio, HEC's viscosity and shear stress both were decreased. With the increase in temperature, HEC's viscosity and shear stress also were decreased continuously, which keeps good consistency in the process of the rise in temperature. This phenomenon conformed to Arrhenius' equation,
where ΔE is the activation energy, η is the viscosity, R is the universal gas constant, and T is temperature. Arrhenius' equation indicated that the fluid viscosity was decreased with the increase in temperature, which has good consistency with experimental results (Figure 2 ). The results from experiments and Arrhenius' equation were in good agreement with each other, and it was consistent with the law of fluid flow. The experimental results showed that the HEC solution used diesel oil emulsion as solvent which is a good pseudoplastic fluid, which can be used to prepare an ideal drilling and completion fluid system. It can be drawn from Figures 4 and 5 that the apparent viscosity and shear stress had an obvious decrease with the decrease in the oil-water ratio at constant temperatures 30°C and 90°C. We can see that the viscosity increased linearly with the decrease in shear rate and the increase in amplitude was smaller when the shear rate was greater than 170.3 S -1 , and it has increased sharply when the shear was lower than 170.3 S -1
, whose changes kept a good consistency with the temperature 90°C. And, whether it is at higher temperature (90°C) or lower temperature (30°C), the HEC emulsion solution had a better rheological property and the apparent viscosity was always greater than the HEC brine solution. Besides, we can see that emulsion can improve the high-temperature resistance of the HEC Figure 3: The relationship between the oil-water ratio and shear stress at different shear rates.
5 Geofluids an uptrend at 30°C. When the shear rate was lower than 170.3 S -1 , the shear stress increased sharply; when the shear rate was greater than 170.3 S -1 , the increase tended to be flat. At the temperature of 90°C, the linear relationship between shear stress and shear rate was shown, but overall shear stress was much smaller than that at 30°C. On the whole, the HEC emulsion solution expressed better rheological properties, which is good for drilling suspended sand and reducing drilling drag. The relationships between apparent viscosity and shear rate with different oil-water ratios are shown in Figure 6 . The results shown in Figure 6 displayed that the apparent viscosity decreased with the increase in shear rate. As was shown in Figure 6 , the apparent viscosity of HEC diesel oil emulsion was affected by the shear rate. At the temperature of 30°C and shear rate of 5.1 S -1 , the viscosity increased from 78.4 mPa·s to 5686 mPa·s, nearly 71.5 times, with the oilwater from 0 : 100 to 50 : 50. In contrast, with the equivalent change in the ratio, the viscosity increased from 12.3 mPa·s to 61. . This trend of viscosity decrease is due to thermal motion of the molecule. Under the high temperature, the acceleration of the relative motion of intermolecular in liquids wrecks formation of floc and cuts Figure 5 : The relationship between shear strength and shear rate at different temperatures. 6 Geofluids down the flocculating effect resulting in viscosity reduction. At the temperature of 100°C, lower oil-water HEC emulsion almost lost its viscoelasticity and could not meet the requirements of the suspension. Conversely, higher oilwater HEC emulsion still could hold a certain viscosity which was greater than mPa·s and could transport cuttings in the process of drilling and completion of horizontal well in order to effectively prevent the formation of the (f) Figure 6 : The relationship between apparent viscosity and shear rate of HEC emulsion solution having different oil-water ratios.
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cutting bed, which expressed that higher oil-water emulsion could improve the thermal ability under the same dosage of HEC.
The relationships between shear stress and shear rate of HEC emulsion solution are shown in Figure 7 , whose oilwater ratios were 0 : 100 (oil-free), 10 : 90, 20 : 80, 30 : 70, Figure 7 : Relationships between the shear stress of different oil-water ratios of HEC and shear rate. 8 Geofluids 40 : 60, and 50 : 50, respectively. As shown in Figure 7 , it could be found that with the increase in shear rate, the shear stress tended to increase. With the increase in the oil-water ratio, the change in shear stress also increased and both changes showed good consistency. When the oil-water ratio was less than 20 : 80, the shear strength increased linearly with the increase in shear rate, which is due to the fact that the low number of free and independent droplets could cause less friction between droplets and internal friction decrease, showing the characteristics of near Newton fluid. However, when the oil-water ratio was greater than 20 : 80, the increase in shear stress is divided into two phases. In the first phase, the shear stress increased obviously with the increase in shear rate when the shear rate was less than 170.3 S -1
. In the second phase, the change was smoother when the shear rate was greater than 170.3 S -1 , which indicated that oil can play the role of lubrication.
As was shown in Figure 7 , it was suggested that when the oil-water ratio was greater than 20 : 80, viscosity coefficient n was less than 1. According to the power law model, the greater the oil-water ratio was, the smaller the n was, and the greater the consistency index K of emulsion was, and the experimental result has good consistency with it. Meanwhile, the decrease in n was likely to improve the ratio of yield stress to plastic, which could turn gradually the turbulence of the annulus space into a flat plate laminar flow. This flow pattern can effectively avoid the erosion of drilling and completion fluid for the sidewall, which was conducive to the protection of borehole stability. Under the constant oilwater condition, the higher the temperature was, the smaller the K was, the greater the n was, and the stronger the nonNewtonian characteristic was, and the variation trend is close to the power function, which expressed that the system has a better rheological property and could be used in drilling fluid by combining with other additives.
3.4. Low Shear Rate. In the drilling process, high elastic area could be formed in the vicinity of the borehole wall if the drilling fluid system has a high viscosity at low shear rate. This characteristic of high viscosity at low shear rate is good for sand-carrying and could effectively prevent the formation of sand bed [21] . Through analyzing the rheological property under lower shear stress, we could determine whether the system is fit for drilling. The experimental results are shown in Figures 8 and 9 .
The relationship between the apparent viscosity, shear stress, and shear rate is shown in Figures 8 and 9 . The viscosity increased, and the shear stress decreased with the decrease in shear rate, which indicated that more stable mesh structures were formed at a low shear rate, resulting in the increase in viscosity. At the temperature of 30°C, the shear rate of less than 1.7 S -1 , the viscosity of the HEC emulsion with oil-water ratio of 50 : 50 was up to 99999 mPa·s, which has good capacity of sand-carrying and could effectively overcome the problem of sand carrying difficulty for horizontal or deviated well easing to form sand bed. While the viscosity of the HEC solution using brine (0 : 100) as solvent was extremely low, only through putting more HEC to increase the viscosity solves the problem of carrying cuttings, in which there was no doubt that the above method adds the drilling cost and anti-temperature effect of the HEC solution which was not better than HEC emulsion. As was shown in Figures 8 and  9 , with the increase in the oil-water ratio, viscosity and shear stress kept a good consistency in the decrease. The oil-water ratio could be further improved to achieve a better performance of temperature resistance, tackifying, and lubricity, which expressed that the HEC emulsion had a better suspension property and thermal stability than aqueous solution and could be used in drilling fluid by combining with other additives to improve the drilling efficiency and reduce the drilling cost.
3.5. Emulsion Stability. Sedimentation is one of the most conventional and intuitionistic experiments analyzing emulsion stability. In the paper, it was adopted to analyze the emulsion stability of HEC emulsion. The experimental steps were as 9 Geofluids follows: let HEC emulsion stir and stand for 48 hours in a colorimetric tube, and then observe the change and difference between the upper and lower sections in the colorimetric tube. The results are shown in Table 2 . Table 2 shows that the bigger the oil-water ratio, the more upper separator liquid there is; there was a small amount of change between 20 : 80 and 30 : 70, and it was still in a reasonable range. However, the separator liquid was more than 2 cm when the oil-water ratio was more than 30 : 70 and it was even about 1/3 when the oil-water was 50 : 50, which meant that the emulsion stability was worse when the oil-water ratio was more than 30 : 70. Besides, we analyzed the stability by temperature resistance experiment and the results are shown in Figure 10 . It can be seen that the surface morphology of HEC emulsion after hot rolling lasting 16 h at 100°C changed from ivory to yellow (all are milky white before hot rolling) with the increase in the oil-water ratio.
This phenomenon shown in Figure 10 could be illustrated that a higher temperature had an effect on the emulsifier and led HEC emulsion with a higher oil-water ratio to be unstable. Further, oil and water were separated, with oil floating on the surface, and the solution surface appeared with the same color as that of diesel. Figure 9 : The relationship between shear rate and shear stress at different temperatures. 10 Geofluids
By comparing the results shown above, there was good coherence and it was concluded that the emulsion solution of the too high oil-water ratio was not suitable for the tackifier of HEC because of its poor thermal stability and emulsion stability and the oil-water ratio 30 : 70 emulsion was the optimal solution, which expressed excellent thermal stability and emulsion stability.
Conclusion
Based on the experimental results, in Sections 3.1, 3.2, 3.3, and 3.4, the following conclusions can be made:
(1) Diesel oil emulsion can be used in the polymer drilling fluid system. Under the same dosage of the HEC, diesel oil emulsion, as a solvent, can significantly improve the rheological stability of polymer HEC at room temperature and higher temperature and can enhance the lubrication and viscoelasticity of polymer drilling fluid, which is good for improving the drilling speed and reducing the reservoir damage and drilling cost (2) When the ratio was more than 20 : 80, the HEC emulsion has a better rheological property and thermal stability, but when the ratio was more than 40 : 60, it expressed oil-water separation as shown in Figure 10 and Table 2 , the oil floating on the surface, and the solution appeared with the same color as that of diesel. So, the emulsion solution with an oilwater ratio of 30 : 70 was an ideal increasing solvent for HEC (3) The dosage and variety of other additives need to ascertain for the HEC emulsion drilling fluid, such as emulsifier and filtrate reducer if we want to get a system on it. Besides, the microcosmic displacement mechanism between HEC and oil-water is a complex and meaningful topic and needs to be studied independently to learn more about the emulsion stability of HEC emulsion
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